Using low-temperature trapping experiments with 1 ,l-diphenyl-2-picrylhydrazine moni tored by UV/Vis spectroscopy, it is shown that the rate-determining step in the epoxidation of alkenes by hypochlorite, catalysed by manganese(III) porphyrins, involves the formation of the active oxo-manganese species [(P)MnO]+.
Introduction
The discovery, that the cytochrome P-450 mode of oxida tion can be mimicked by simple metallo(III) porphyrins [[(P)Mm] + , M = Fe, Cr, Mn] using "single-oxygen" donors, has founded a new class of epoxidation systems. Typical "single-oxygen" donors are pentafluoroiodosylbenzene (C6F5IO)', hydrogen peroxide (H20 2)2, tert-butyl hydro peroxide (/-BuOOH)3, w-chloroperoxybenzoic acid (mCPBA)4, /?-cyano-N,N-dimethylaniline N-oxide (pCNDMANO)5, and hypochlorite (OCl-)6,7. In general, these systems generate an electrophilic oxo-metal species [(P)MO] + 8 which transfers its oxygen atom to an alkene to yield epoxide in a catalytic fashion. On the basis of product distributions, it can be concluded that, for all "single oxygen" donors, the reaction proceeds via identical oxo-metal species9. The epoxidation rates depend on the type of "single-oxygen" donor, which suggests that the oxidant is present in or before the rate-determining step (r.d.s.). It has been shown for pCNDMANO-10,11, /-BuOOH-3 and C6F5IO-' based systems that the formation of the oxo-metal species is the r.d.s. For the hypochlorite system, which consists of an organic CH2C12 phase [containing a manganese(III) porphyrin (1), 4-picoline as additional ligand, and an alkene substrate] and an aqueous phase (sodium hypochlorite), two conflicting opinions as to the nature of the r.d.s. exist. Collman et al. postulated12 a Michaelis-Menten type of mechanism in which a cyclic oxo-metal substrate complex (metallaoxetane) (4) decomposes in a r.d.s. (Scheme 1). They based their postulate on the observation that, although the rate is zero-order in substrate, different alkenes are epoxidized at different rates. In contrast, our group concluded7,9 that the formation of the oxo-manganese [(P)MnO] + species from a (P)MnOCl (2) complex is the r.d.s. (Scheme 2). The different rates observed for different alkenes were explained by a competi tion between the following species for the active [(P)MnO] + (3): z. the alkene (to yield epoxide and [(P)Mnm] + ), ii. [(P)Mnm] + (to give a [MnIY( P ) -0 -M n lv(P)]2 + n-oxo dimer 6), eventually leading to a destruction of the por phyrin macrocycle), and
iii. Cl" (to revert to (P)MnOCl).
In addition, we shewed that the kinetics observed by Collman et al. were caused by a gradual destruction of the employed axial ligand, viz. N-(4-acetylphenyl)imidazole9.
Since the axial ligand is crucial for a proper functioning of the catalytic system, this destruction leads to an epoxida tion rate which decreases with time.
To resolve the present disagreement, we sought an unam biguous way of determining which step is rate-determining. In a previous study9, we established that the transportation of the hypochlorite anion from the aqueous phase to the organic layer is not the rate-limiting step. In the present article, we describe one way of measuring the rate of for mation of the active [(P)MnO] + species. For mCPBA and pCNDMANO, these rates have been established by trapping the oxo-metal species with 2,4,6-tri-rm-butylphenol (TBPH),0J 1,13 or with l,l-diphenyl-2-picrylhydra-zine# (DPPH)13,14 to yield the stable 2,4,6-tri-/er/-butylphenoxyl (TBP*) or 2,2-diphenyl-1-picrylhydrazyl (DPP#) In experiments with mCPBA or pCNDMANO, an excess oxidant with respect to porphyrin catalyst can be used since these oxidants do not react with DPPH in the absence of porphyrin catalyst. This procedure cannot be followed with hypochlorite, because the "free" hypochlorite ion is an oxidant of TBPH and of DPPH in its own right. Therefore, we had to develop a modified procedure in which no "free" hypochlorite ion occurs in the reaction mixture. In our procedure, we treat [(P)Mnm] + at -5 0°C with 1 equiva lent of triethylbenzylammonium hypochlorite (TEBAOC1) to produce the stable (P)MnOCl complex9. This complex decomposes in a slow reaction to [(P)MnO] + (Eqn. 2).
To the (P)MnOCl solution, DPPH or any other substrate is added and the reaction is monitored conveniently with a spectrophotometer following the build-up of DPP* and [(P)Mnm] + . To prevent dimerization, we used the sterically hindered catalysts (chloro)manganese(III) [ 
Methods
All low-temperature experiments were carried out under N 2. A 1-cm quartz cell filled with a solution of Mn(T2 4 6triMePP)Cl or Mn(T2 6diClPP)Cl in CH2C12 (3 cm3, 2.25 x 10 " 5 mol • dm " 3) was placed in the low-temperature device and allowed to cool to -50°C. Thereafter, TEBAOCl, dissolved in CH2C12, was syringed in until the Mn(III) peak at 478 nm had decreased to ^5 % of its original height (ca. 0.1 cm3 were required). After further equilibrat-ing for 15 min, 0.1 cm3 of C H 2C12 containing DPPH (7 x 10" 3 mol d m -3 ) were added and optionally 4-picoline (4-methylpyridine) (0.2 m o l-d m " 3), methanol (0.5 cm3) or phenylacctaldehyde (0.1 m o l-d m " 3). The progress of the reaction was followed by monitoring the change in absorbance at 478 nm ([(P)Mn(III)] +, log(e/dm3 • mol" 1 • c m -1 ) = 5.08 in the absence of 4-picoline and log (e/dm3 • mol " 1 • cm " 1 ) = 4.89 in its presence) and at 520 nm in the absence of 4-picoline (DPP*, log(e/dm3mol " 1 • cm" 1 ) = 4.38) or at 530 nm [DPP*, log (e/dm3 • mol " 1 • c m " 1) = 4.39] when 4-picoline is present. Initial rates were deter mined from pseudo-zero-orôeT plots of the data obtained during the first minute.
Results and Discussion
The addition of TEBAOC1 to Mn(T24 6triMePP)Cl in CH2C12 at -50°C instantaneously causes the colour of the solution to turn from green to brown, which is illustrated by the spectral transformations shown in Fig. 1 Fig. 2 . Rate data obtained for the reaction of DPPH with 2a and 2b are presented in Table I 17. It should be noted that the ratio of rates for DPP* and [(P)Mnm] + formation is close to the theoretical value of two. What strikes the eye, is the "burst", i.e. the almost instan taneous formation of DPP*, occurring at t = 0 upon addi tion of DPPH. At first glance, this would suggest the presence of "free" hypochlorite ions in solution as a con sequence of the following equilibrium (see Eqn. 3).
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Fig. 1. Spectral changes observed upon addition of TE B AO Cl
to a solution of Mn(T2 4 6triMePP)Cl (1) in CH2Cl2 at -50° C to produce Mn(T2A 6triMePP)OCl (2a) (conditions: see experi mental).
(P)MnOCl + X" < = > (P)Mn(III)X + OC1'
However, several facts mitigate against the presence of "free" hypochlorite ions. i. Exactly equal amounts (1 equivalent) of TEBAOC1 solution are required for Mn(T2 4 6triMePP)Cl and Mn(T2 6diClPP)Cl in order to convert them into 2a and 2b, respectively, disfavouring equilibrium (3), since this would depend on the kind of porphyrin ligand. /'/'. Species 2a can be isolated as a brown solid18. After several washings with ice-cold water to remove any "free" hypochlorite salt, solid 2a showed, when added to CH2C12 at -50°C , a similar [DPP*] versus time profile (including the burst) as the in situ prepared complex 2a. iii. When norbornene was added to 2a instead of DPPH, a similar burst and reaction rate [monitored by the appearance of [(P)Mn(III) +] were obtained as with DPPH. In the case of norbornene, the formation of 90% of the theoretical amount of epoxide was established. This implies that the [(P)MnO]+ species must have been involved, since the "free" hypochlorite ion is not an epoxidizing agent under these conditions. Since the presence of a "free" hypochlorite ion may be excluded, the burst in DPP* formation must be due to the presence of a certain amount of free [(P)MnO] + . Appar ently, an equilibrium exists between [(P)MnO]+ and (P)MnOCl19 (Eqn. 4) before DPPH is added. This equi librium affords a straightforward explanation of the results of Table I 
The addition of 4-picoline to the two-phase system in creases the epoxidation rate7,9,21. We attributed this effect to an easier cleavage of the O -C l bond because of electron donation by 4-picoline7-9. As a result, the rate of formation of [(P)MnO] + is increased. The experiments in which Fig. 2 . DPP* formation versus time upon addition of DPPH to a preformed solution of 2a in CH2Cl2 at -50° C, monitored spectrophotometrically at 530 nm (conditions: see experi mental). The small peak indicated by the arrow is caused by the closure of the cell compartment. 4 -picoline and DPPH are added simultaneously to 2a and 2b at low temperature, as summarized in Table I , support this view. Burst kinetics are also observed in the presence of 4-picoline. This is to be expected since 4-picoline is added after equilibration. The observed acceleration due to 4-picoline in the case of 2a (^6 times) agrees reasonably well with the value previously reported by us for the twophase epoxidation system with Mn(T24 6triMePP)Cl as catalyst (8 times)9. From AH* and A S* values, deter mined22 for Mn(T246triMePP)Cl in the two-phase system using cyclohexene as a substrate, the rate of epoxidation at -5 0°C may be calculated. This rate amounts to (5 ± 5) x 10"4 mol • dm -3 • s " 1 • (mol catalyst) -1 and is of the same order of magnitude as the rate measured for the reaction with DPPH (see Table I We previously reported9 that, in the two-phase system, methanol increases the epoxidation rate by a factor of 1.5. This increase was ascribed to a better solvation of the chloride anion, pulling Eqn. 2(B) more to the right9. Addi tion of methanol at low temperature also gives a faster DPP* formation (1.3 times) (see Table I ). Methanol is not oxidized since DPP* is produced in the theoretical amount. Therefore, the rate-enhancing effect is due to methanol and not to one of its oxidation products.
In conclusion, our measurements indicate that the ratedetermining step in the epoxidation of alkenes by hypo chlorite, catalysed by manganese(III) porphyrins in the presence of excess substrate, involves the formation of [(P)MnO]+ from a (P)MnOCl complex. This is also illustrated by Fig. 3 which shows the Gibbs function profile derived from our data for the epoxidation of an alkene with hypochlorite catalysed by Mn(T24 6triMePP)Cl at -50°C . 
Mn(P)Cl + O C r t± Mn(P)OCl + Cl~
The energy content of D has been set below that of A as befits an exergonic reaction. Since the reaction of B -> C is rate deter mining under normal conditions, the energy' barriers for A -> B and C -> D have been set below that of B-» C. 
